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A commonly accepted model of Wnt/b-catenin sig-
naling involves target gene activation by a complex
of b-catenin with a T-cell factor (TCF) family member.
TCF3 is a transcriptional repressor that has been
implicated in Wnt signaling and plays key roles in
embryonic axis specification and stem cell differenti-
ation. Here we demonstrate that Wnt proteins stimu-
late TCF3 phosphorylation in gastrulating Xenopus
embryos andmammalian cells. This phosphorylation
event involves b-catenin-mediated recruitment of
homeodomain-interacting protein kinase 2 (HIPK2)
to TCF3 and culminates in the dissociation of TCF3
from a target gene promoter. Mutated TCF3 proteins
resistant to Wnt-dependent phosphorylation func-
tion as constitutive inhibitors of Wnt-mediated acti-
vation of Vent2 and Cdx4 during anteroposterior
axis specification. These findings reveal an alterna-
tive in vivo mechanism of Wnt signaling that involves
TCF3 phosphorylation and subsequent derepression
of target genes and link this molecular event to
a specific developmental process.
INTRODUCTION
The Wnt pathway plays major roles in the control of cell prolifer-
ation, cell polarity, and cell-fate determination in multiple devel-
opmental processes, including vertebrate axis specification
(Clevers, 2006; Harland and Gerhart, 1997; Logan and Nusse,
2004). In the canonical model of Wnt/b-catenin signaling, T-cell
factor (TCF) proteins inhibit target genes in the absence of
a Wnt signal. After cell stimulation by Wnt ligands, b-catenin
binding to TCFs has been proposed to convert TCF proteins
into transcriptional activators. One of the possible molecular
functions of b-catenin is to provide a transcriptional activation
domain to the TCF protein complex that binds DNA via a high-
mobility group domain (van de Wetering et al., 1997; Vleminckx
et al., 1999). To further enhance this coactivator model, b-cate-
nin has been proposed to compete with a transcriptional core-Developmpressor such as Groucho for binding to TCF (Arce et al., 2009;
Daniels and Weis, 2005; Roose et al., 1998). Although genetic
analysis in Caenorhabditis elegans and Drosophila embryos
revealed both positive and negative roles for TCF proteins in
target gene regulation (Brunner et al., 1997; Cavallo et al.,
1998; Korswagen, 2002), these findings do not fully uncover
underlying biochemical mechanisms.
In vertebrate embryos, the four vertebrate TCF homologs
appear to be functionally specialized. Whereas some members
of the TCF family, such as LEF1, are required for transcriptional
activation (Arce et al., 2006; Galceran et al., 1999; van Genderen
et al., 1994), TCF3 is known to repress numerous genes in verte-
brate embryos and stem cells (Cole et al., 2008; Houston et al.,
2002; Kim et al., 2000; Liu et al., 2005; Merrill et al., 2004; Nguyen
et al., 2006; Pereira et al., 2006; Sokol and Wharton, 2007; Tam
et al., 2008; Yi et al., 2008). The zebrafish headless/tcf3 mutant
has an anterior head defect, which can be rescued by a constitu-
tive repressor form of TCF3 (Kim et al., 2000). Loss-of-function
experiments in Xenopus reveal opposing roles of b-catenin and
TCF3 in dorsoventral and anteroposterior axis specification
(Heasman et al., 1994; Houston et al., 2002; Liu et al., 2005).
Similar to Xenopus embryos depleted of TCF3, mice lacking
the Tcf3 gene display expanded axial mesoderm and loss of
anterior neural tissues; these defects can be significantly
rescued by a repressive TCF3 construct lacking the b-catenin
interaction domain (Merrill et al., 2004; Sokol and Wharton,
2007). Although genetic knockout and knockdown experiments
implicate TCF3 in transcriptional repression, the mechanism of
TCF3 regulation and function has remained largely unknown.
In this study, we investigate how TCF3 is regulated by Wnt
signals in gastrulating Xenopus embryos. One Wnt ligand that
is critical for ventroposterior development in Xenopus and zebra-
fish early embryos is ventrolaterally expressed Wnt8 (Erter et al.,
2001; Hoppler et al., 1996; Lekven et al., 2001; Ramel and
Lekven, 2004). Vent/Vox genes are possible transcriptional
targets of Wnt8, as they are expressed in the same region of
the embryo and require Wnt8 activity (Gawantka et al., 1995;
Hoppler and Moon, 1998; Imai et al., 2001; Ladher et al., 1996;
Onichtchouk et al., 1996; Ramel and Lekven, 2004; Schmidt
et al., 1996; Thorpe and Moon, 2004). Vent genes encode tran-
scription factors that promote ventroposterior development by
restricting dorsal gene expression (Imai et al., 2001; Onichtchouk
et al., 1996; Sander et al., 2007). We find that the expression ofental Cell 19, 521–532, October 19, 2010 ª2010 Elsevier Inc. 521
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Figure 1. TCF3 Is Phosphorylated by HIPK2
in Response to Wnt Signaling
(A) Wnt8 stimulates TCF3 phosphorylation in
animal pole explants. Xenopus embryos were
injected at the four-cell stage with Wnt8 DNA
(100 pg) or extracellular domain of Frizzled 8
RNA (ECD8, 500 pg). Cell lysates were prepared
at indicated gastrula stages for western analysis
using antibodies against Xenopus TCF3, unphos-
phorylated b-catenin (ABC), and b-tubulin (control
for loading). Ratios of TCF3 and b-tubulin levels
are shown at the bottom. An apparent decrease
in TCF3 protein is likely due to reduced TCF3 tran-
scription (see below; Figure S2A; Figure 4B).
(B) Wnt8 DNA (100 pg) causes TCF3 to migrate
more slowly in animal pole explants (stage 12.5)
after immunoprecipitation. This effect is sensitive
to alkaline phosphatase (AP) treatment.
(C) TCF3 is phosphorylated in ventral (VMZ), as
compared to dorsal (DMZ), marginal zone
explants, dissected at stage 10, and harvested at
stage 13. RNAs encoding Wnt antagonists DKK1
(300 pg), ECD8 (500 pg), and dominant-negative Wnt8 (dnWnt8, 1 ng) inhibit TCF3 phosphorylation and reduce b-catenin levels, but do not significantly affect
phospho-Smad1.
(D) Wnt8 MO (15 ng) blocks TCF3 phosphorylation in the ventral marginal zone at the late gastrula stage (stage 12.5).
(E) TCF3 phosphorylation in ectoderm cell lysates from embryos injected with HIPK2 RNA (80 pg) (compare to B).
(F and G) HIPK2 MO (HK2MO, 20 ng) and a dominant-negative HIPK2 (HK2KD, 400 pg) block TCF3 phosphorylation in ectoderm explants (stage 12) expressing
Wnt8myc DNA (100 pg).
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TCF3 Is Regulated by Wnt-Dependent Phosphorylationthe Vent2 gene is activated byWnt8-dependent phosphorylation
of TCF3, which is mediated by homeodomain-interacting protein
kinase 2 (HIPK2).
HIPK2 belongs to a family of evolutionarily conserved nuclear
serine/threonine protein kinases, which regulate transcription in
a context-dependent manner (Calzado et al., 2007; Rinaldo
et al., 2007). HIPK2 phosphorylates Groucho and suppresses
its activity in mammalian cells and Drosophila embryos (Choi
et al., 1999, 2005; Lee et al., 2009a). In mammalian cells, HIPK2
has been shown to phosphorylate p53 and CtBP and promote
apoptosis (D’Orazi et al., 2002; Hofmann et al., 2002; Zhang
et al., 2003). Additionally, HIPK proteins have been reported to
positively or negatively regulate Wnt signaling and b-catenin
stability in fly embryos and mammalian cells (Kanei-Ishii et al.,
2004; Kim et al., 2010; Lee et al., 2009b; Louie et al., 2009; Wei
et al., 2007). Our experiments clarify the underlying mechanisms
by demonstrating that TCF3 is a relevant phosphorylation
substrate of HIPK2 in response to Wnt signaling in vivo. More-
over, we show a requirement of b-catenin for the TCF3 phos-
phorylation process in addition to its commonly accepted role
as a transcriptional coactivator. Finally, we demonstrate that
this phosphorylation causes the dissociation of TCF3 from the
Vent2 promoter in vivo, thereby resulting in Vent2 activation.
RESULTS
Wnt8 Stimulation Leads to TCF3 Phosphorylation
in Xenopus Embryonic Cells
We examined endogenous TCF3 protein in Xenopus gastrula
ectoderm lysates and observed that TCF3 migrated more
slowly in Wnt8-stimulated cells, as compared to control cells
(Figure 1A). The mobility shift was abolished by alkaline phos-
phatase treatment, indicating that it is a result of phosphorylation522 Developmental Cell 19, 521–532, October 19, 2010 ª2010 Elsev(Figure 1B). TCF3 phosphorylation took place only after the mid-
blastula stage, despite an early increase in b-catenin in response
to Wnt8 (see Figure S1A available online), demonstrating zygotic
stage-specific regulation. Explant analysis revealed that TCF3
was highly phosphorylated at the ventral side of gastrula
embryos; unphosphorylated TCF3 was enriched at the dorsal
margin and in the animal cap (Figures 1A–1C). Ventral TCF3
phosphorylation was blocked by Wnt antagonists, including
Dickkopf-1 (Glinka et al., 1998), extracellular domain of Frizzled
8 (Itoh and Sokol, 1999), and a dominant-negative Wnt8
construct (Hoppler et al., 1996), indicating that it is due to
endogenous Wnt signals (Figure 1C), possibly ventrolaterally
expressed Wnt8, which is known to promote ventroposterior
development (Hoppler et al., 1996; Ramel and Lekven, 2004).
A specific Wnt8 morpholino oligonucleotide (MO) blocked
TCF3 phosphorylation (Figure 1D), further supporting this
hypothesis. TCF3 phosphorylation was detectable 45 min after
stimulation of dissociated animal cap cells with conditioned
medium containing Wnt3a, a Wnt ligand with biological activity
similar to that of Wnt8 (Figure S1B).
HIPK2 Mediates TCF3 Phosphorylation
in Response to Wnt8
In search for a mediator of Wnt-induced TCF3 phosphorylation,
we examined the involvement of HIPK2, a member of the HIPK
family, which we identified in a yeast two-hybrid screen for
TCF3-interacting proteins (data not shown) and which has
recently been implicated in Wnt signaling (Kanei-Ishii et al.,
2004; Kim et al., 2010; Lee et al., 2009b; Louie et al., 2009; Wei
et al., 2007). HIPK2 transcripts were detected in blastula ecto-
derm, mesoderm, and anterior neural plate, consistent with its
potential role in TCF3 regulation (Figures S1C–S1E). Embryo
microinjection experiments revealed that HIPK2 associatesier Inc.
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Figure 2. TCF3-Dependent Repression and
Wnt8/HIPK2-Dependent Activation of
Vent2 Require the Unique TCF-Binding Site
in the Vent2 Promoter
(A) Diagram indicates relative positions of SMAD
(S)-, OAZ (O)-, and TCF (T)-binding sites and the
corresponding point mutations (*) in Vent2-Luc
constructs. Point mutations were introduced as
in Karaulanov et al. (2004). Two-cell embryos
were injected animally with MOs or DNA
constructs and harvested at the late gastrula
stages (stages 12-13) for luciferase activity deter-
mination.
(B) Reporter with mutated TCF-binding site
(TCFm-Luc) has increased activity.
(C) Wnt8 DNA activates Vent2-Luc but not TCFm-
Luc.
(D) Endogenous TCF3 is depleted in the embryos
injected with TCF3MO (30 ng).
(E) TCF3MO enhances BREm-Luc but not BREm/
TCFm-Luc activity.
(F) TCF3-VP16 DNA, a constitutive transcriptional
activator, stimulates BREm-Luc through the TCF-
binding site.
Data in (B)–(F) are shown as means ± SD, with
each group containing quadruplicate samples.
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TCF3 Is Regulated by Wnt-Dependent Phosphorylationwith TCF3 (Figure S1F) and promotes its phosphorylation in vivo
(Figure 1E) but does not significantly affect b-catenin levels in
Xenopus ectoderm (Figure S1G). Conversely, in loss-of-function
studies, a HIPK2-specific MO (Figure S1H) and a dominant-
negative form of HIPK2 (Kanei-Ishii et al., 2004) abrogated
TCF3 phosphorylation in ectoderm explants expressing Wnt8
(Figures 1F and 1G) and ventral marginal zone explants
(Figure S1I; see below) without a significant change in b-catenin
levels. Thus, HIPK2 has an essential role in the Wnt8 signaling
pathway leading to TCF3 phosphorylation.
TCF3 and Wnt8 Regulate the Vent2 Gene in Opposite
Ways through the Unique Conserved TCF-Binding Site
TCF3 loss-of-function phenotypes (Houston et al., 2002; Kim
et al., 2000; Liu et al., 2005) mimic the developmental pheno-
types caused by upregulation of Wnt/b-catenin signaling or
depletion of Wnt antagonists during anteroposterior axis specifi-
cation (Christian and Moon, 1993; Mukhopadhyay et al., 2001).
These observations suggest that Wnt signals act to relieve
TCF3-mediated transcriptional repression. To address this
hypothesis, we examined the regulation of Vent2, a putative
Wnt8 target gene (Friedle andKnochel, 2002; Ramel and Lekven,
2004) that appears to play a role in Wnt signaling effects on ante-
roposterior axis development (Sander et al., 2007). As a Vent2
reporter has been described previously (Candia et al., 1997;
Karaulanov et al., 2004), we assessed its control by Wnt8 and
TCF3 during gastrulation. Mutations in the conserved TCF-
binding site (Karaulanov et al., 2004) resulted in the activation
of the Vent2 reporter (TCFm-Luc) in transient in vivo assays
(Figures 2A and 2B), demonstrating that this site negatively regu-
lates Vent2 transcription in the animal pole. TCFm-Luc failed to
respond to Wnt8 stimulation, consistent with the essential role
of the TCF-binding site in Wnt8-mediated activation (Figure 2C)
and despite the reported effect of Wnt signaling on Smad1
stability (Fuentealba et al., 2007). To reduce the backgroundDevelopmassociated with endogenous BMP signaling, we constructed
a reporter in which known BMP response elements (Hata et al.,
2000) were mutated (BREm-Luc), and confirmed that BMP
responses are compromised (Figure 2B; data not shown). Using
BREm-Luc, we observed that the depletion of TCF3 with
a specific MO resulted in reporter activation but did not influence
the same reporter with a TCF site mutation (BRE/TCFm-Luc)
(Figures 2D and 2E). In a complementary experiment, TCF3-
VP16, an activating form of TCF3, stimulated the reporter
through the same TCF-binding site (Figure 2F). Supporting these
reporter assays, RT-PCR analysis revealed similar regulation of
endogenous Vent2 in TCF3-depleted and Wnt8-overexpressing
explants (Figure S2A). Based on these findings and the overlap-
ping expression pattern of Vent2 and Wnt8 on the ventral side
(Figure S2B; data not shown), we conclude that Wnt8 activates
and TCF3 represses Vent2 through the unique TCF-binding
site on the Vent2 promoter in vivo.
HIPK2 Antagonizes TCF3 during Anteroposterior
Axis Specification
To assess physiological relevance for the observed HIPK2-
dependent phosphorylation of TCF3 during embryonic develop-
ment, we evaluated morphology of embryos depleted of HIPK2
or TCF3with specificMOs (Figure 3). TCF3MO-injected embryos
were microcephalic with reduced anterior markers, such as
Otx2, Xanf2, and Rx2a, and expanded XHR1, a midbrain-hind-
brain boundarymarker, andMeis, a posterior marker and a direct
Wnt target (Elkouby et al., 2010) (Figure 3A; Figure S3A). This
phenotype is similar to the one of headless zebrafish embryos
with a mutation in a tcf3 gene (Kim et al., 2000). By contrast,
HIPK2MO revealed an opposite morphological phenotype, with
a large cement gland that is also observed in Wnt8-depleted
embryos (Figure 3A; Figure S3B). These phenotypes caused by
TCF3MO and HIPK2MO were reversed by coinjection of the
corresponding RNAs (Figures 3B and 3C). Many embryosental Cell 19, 521–532, October 19, 2010 ª2010 Elsevier Inc. 523
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B Figure 3. Opposite Roles of TCF3 and
HIPK2 in Dorsoanterior Development
(A) CoMO (60 ng), HK2MO (60 ng), or TCF3MO
(40 ng) were injected four times into the marginal
zone of four-cell embryos as indicated. Anterior
views are shown; dorsal is up. HK2MO enhances,
whereas TCF3MO inhibits, the dorsoanterior fate,
assessed by head and cement gland development
at stage 28 (top). Effects of HIPK2 and TCF3 MOs
on Vent2 (middle) and Otx2 (bottom) were
analyzed by whole-mount in situ hybridization at
stages 14 and 17, respectively. CoMO does not
affect Vent2 and Otx2 gene expression (95%,
n = 56, and 96%, n = 43, respectively). HK2MO
suppresses (68%, n = 56), whereas TCF3MO
expands (56%, n = 45), Vent2 expression in the
anterior and ventral region. HK2MO expands
(56%, n = 50), whereas TCF3MO suppresses
(72%, n = 50), theOtx2 expression domain. Arrow-
heads demarcate cement gland (CG) boundaries
(top), and the boundaries of the Vent2 (middle)
and the Otx2 (bottom) expression domains.
(B) Inhibition of anterior development by TCF3MO
is rescued by TCF3 RNA. Embryos shown repre-
sent phenotype classification based on CG size
at stage 28. Class I, CG is between one-third and
one-half of normal size; class II, CG is less than
one-third of normal size.
(C) HK2MO enhances anterior development; this
defect is rescued by RNA encoding HIPK1,
a related protein kinase, and partially reversed by
TCF3MO. Phenotype classes are based on
cement gland size at stage 26. Class I, CG size is
increased less than twice; class II, CG size is
increased more than twice. RNAs or MOs were
injected into the animal pole (B) or the marginal
zone (C) of four-cell embryos at indicated doses.
(D) HK2MO inhibits Vent2-Luc reporter activation via the TCF-binding site. MOs and reporter DNA were injected six times into the animal pole and the
marginal zone for luciferase activity determination analysis at late gastrula stages. Data are shown as means ± SD.
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TCF3 Is Regulated by Wnt-Dependent Phosphorylationcoinjected with both MOs have normal cement gland size, sug-
gesting that HIPK2 antagonizes TCF3 during anteroposterior
axis specification (Figure 3C). In agreement with the observed
phenotypes, the anterior and ventral domain of endogenous
Vent2 expression was inhibited by HK2MO in comparison to
control embryos, whereas TCF3MO expands Vent2 expression
(Figure 3A). By contrast, the expression of the anterior gene
Otx2 revealed a complementary pattern (Figure 3A). Consis-
tently, HK2MO reduced Vent2 reporter activity, but had no signif-
icant effect on TCFm-Luc activity, indicating that HIPK2 controls
Vent2 expression through the unique regulatory TCF-binding site
(Figure 3D). Together, these results support the hypothesis that
HIPK2 relieves TCF3-mediated repression of the Vent2 gene
and promotes Wnt8-dependent ventroposterior development.
Unphosphorylatable TCF3 Proteins Are Constitutive
Repressors of Wnt Signaling
To test a hypothesis that Wnt-triggered phosphorylation relieves
TCF3-mediated transcriptional repression, we searched for
specific amino acid residues of TCF3 that are phosphorylated
in response to Wnt8. Systematic alanine substitutions of 16
potentially relevant Ser/Thr residues resulted in the identification
of two mutant TCF3 proteins (P2/4 and P2/3/4) which contained
S/T>A substitutions at positions 147, 149, 170, 181, 184, and 190524 Developmental Cell 19, 521–532, October 19, 2010 ª2010 Elsevand were largely unresponsive to Wnt8 stimulation (Figures 4A
and 4B). Individual mutations had only a subtle effect on the
TCF3 upshift in response to Wnt8, indicating multiple critical
phosphorylation sites. Of note, the mutated TCF3 proteins did
not differ from wild-type TCF3 with respect to b-catenin binding
(Figure 4B), which has been reported to increase for TCF3 phos-
phorylated by casein kinase 1 (Lee et al., 2001).
We next generated a phosphopeptide-specific antibody
against the phosphorylated P4 epitope that is conserved in all
vertebrate TCF3 proteins (Figure 4A). This antibody specifically
recognizes the phosphorylated P4 site of Xenopus TCF3 in
293T cells expressing HIPK2, in agreement with the observed
gel mobility shift (Figure 4C). We next carried out an immune
complex in vitro kinase assay and showed that TCF3 is strongly
phosphorylated by HIPK2 at the P4 site in the presence of ATP,
indicating that TCF3 is a phosphorylation substrate of HIPK2
(Figure 4D). Moreover, the phosphorylation of the P4 site was
detectable in Wnt3a-stimulated 293T cells (Figure 4E), attesting
to the conserved nature of this signaling pathway in both Xeno-
pus embryos and mammalian cells.
To investigate the functional significance of the observed
Wnt-dependent TCF3 phosphorylation, we examined the biolog-
ical effects of wild-type andmutated TCF3 constructs on antero-
posterior development and Wnt signaling. When compared toier Inc.
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Figure 4. Identification of Wnt8-Dependent TCF3 Phosphorylation Sites
(A) Xenopus TCF3 contains 16 serines/threonines that are adjacent to proline and conserved among vertebrate TCF3 proteins (highlighted in red in the aligned
sequences). These residues were substituted for alanine in eight TCF3 constructs: P1, S120; P2 (S147, S149); P3 (T170, S181, S184); P4, S190; P5 (S206, S209,
S215); P6, S290; P7, S434; P8 (S445, T448, S450, S455). bcat, b-catenin-binding domain; HMG, high-mobility group domain; NLS, nuclear localization signal.
(B) Ectoderm lysates at stage 13, coexpressing TCF3 RNAs (4 pg) with Wnt8 (W) or dnWnt8 (D) DNAs (100 pg), were precipitated with anti-flag beads and probed
with anti-TCF3 antibody to assess TCF3 protein mobility.
(C) HIPK2 phosphorylates wild-type (WT) but not P2/3/4 mutant TCF3 at the P4 site. TCF3 proteins were precipitated from 293T cells by anti-flag beads and
detected by anti-flag or anti-TCF3P4 antibodies. Doses of transfected DNAs: flagTCF3 constructs, 8 mg; mycHK2KD, 8 mg; mycHK2, 6 mg.
(D) In vitro kinase assay was performed after immunoprecipitation with anti-flag beads. The products were analyzed with an anti-flag or anti-TCF3P4 antibody.
(E) Wnt3a triggers P4 site phosphorylation in HEK293T cells. Cells were transfected with flagTCF3 constructs (0.3 mg) and treated withWnt3a-containingmedium
for 10 hr followed by anti-flag precipitation and analysis with anti-TCF3P4 antibody.
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TCF3 Is Regulated by Wnt-Dependent Phosphorylationwild-type TCF3, both P2/4 and P2/3/4 constructs revealed much
stronger anteriorizing activity in overexpression experiments
(Figure 5A). Furthermore, these constructsmore effectively inter-
fered with Wnt8-induced morphological posteriorization (data
not shown), and inhibited Wnt activity in Vent2 reporter assays
(Figure 5B).
Cdx4/Xcad3 is another TCF target gene that is expressed in
the marginal zone of gastrula embryos (Haremaki et al., 2003;
Pilon et al., 2006; Shimizu et al., 2005). Cdx4 reporter was upre-
gulated by Wnt8 and TCF3MO, but inhibited by HK2MO (Figures
S4A and S4B). We found that P2/3/4 suppressed the Cdx4
reporter more effectively thanwild-type TCF3 (Figure S4C). Simi-
larly, in HEK293T cells, mouse TCF3-P2/3/4 inhibited Wnt3a-
mediated reporter activation more effectively than wild-type
TCF3, which was expressed at similar levels (Figure 5C; data
not shown), thereby extending our observations to the mamma-
lian system. Together, these findings indicate that the regulationDevelopmof TCF3 transcriptional activity by Wnt-dependent phosphoryla-
tion is an important and biologically relevant process that is
conserved in both Xenopus embryos and mammalian cells.
A Role for b-Catenin in the Regulation of TCF3
Phosphorylation
We next tested whether TCF3 phosphorylation involves b-cate-
nin that is essential for anteroposterior axis determination
(Heasman et al., 2000; Kiecker and Niehrs, 2001). Overexpres-
sion of b-catenin failed to trigger TCF3 phosphorylation in ecto-
derm explants (Figure 6A), suggesting that this phosphorylation
does not result from b-catenin-dependent target gene activation
but rather represents a direct consequence of Wnt signaling.
Unexpectedly, b-catenin was required for TCF3 phosphorylation
in ventral marginal zone explants and dissociated ectoderm cells
stimulated by Wnt3a (Figures 6B and 6C). Supporting this
observation, both N-terminally deleted and point-mutated (b*)ental Cell 19, 521–532, October 19, 2010 ª2010 Elsevier Inc. 525
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Figure 5. Wnt-Dependent TCF3 Phosphorylation Relieves Transcriptional Repression
(A and B) Xenopus TCF3 phosphorylation mutants enhance the dorsoanterior fate (A) and inhibit Wnt8-dependent reporter activation of BREm-Luc (B). TCF3
RNAs were injected into four animal pole blastomeres at the eight-cell stage. Representative phenotype classes based on cement gland size at stage 28 are
shown. Class I, more than double the size of a normal cement gland; class II, more than triple the size of a normal cement gland.
(C) Mouse TCF3 P2/3/4 mutant inhibits Wnt-dependent reporter activation in HEK293 cells more efficiently than wild-type TCF3 (p < 0.05 for 1 ng and p < 0.01 for
10 ng, respectively). TOP/FOP is the ratio of STF reporter activity over STM reporter activity, presented as means ± SD.
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TCF3 Is Regulated by Wnt-Dependent PhosphorylationTCF3 proteins (Graham et al., 2000; Omer et al., 1999), which
show no detectable binding of b-catenin (Figures S5A and
S5B), did not undergo phosphorylation in response to a WntA B
D E
Figure 6. b-Catenin Is Required, but Not Sufficient, for TCF3 Phospho
(A) Western analysis of lysates of animal caps expressing Wnt8 (DNA, 100 pg; R
stimulates TCF3 phosphorylation. Injected RNA is translated immediately, but DN
(B) HK2MO (40 ng) and b-catenin MO (bMO, 20 ng) inhibit TCF3 phosphorylation
(C) b-catenin MO blocks TCF3 phosphorylation in dissociated ectoderm cells sti
(D and E) b-catenin binding is required for Wnt8-stimulated TCF3 phosphorylatio
(D) DbTCF3 lacks the amino-terminal stretch of amino acids (7–30), which does
embryos injected four times with flagTCF3 RNAs (1 pg) and Wnt8 DNA (100 pg)
(E) b* TCF3 has D16A and E24A substitutions. RNAs encoding TCF3 constructs (
embryos. Ectoderm explants (approximately 150 per group) were used for TCF
antibody.
(F) b-catenin promotes the binding and phosphorylation of TCF3 by HIPK2. Cells
0.5 mg; b-catenin-myc, 5 mg; and cultured for 10 hr.
526 Developmental Cell 19, 521–532, October 19, 2010 ª2010 Elsevsignal (Figures 6D and 6E). These constructs inhibited the activa-
tion of Wnt-responsive reporter DNA and induced anteriorized
embryos (Figure S4C; data not shown). These results indicateC
F
rylation
NA, 80 pg) or b-catenin (DNA, 100 pg; RNA, 120 pg). Wnt8, but not b-catenin,
A is only transcribed after midblastula stages, indicating the time of the effect.
in ventral marginal zone explants at stage 13.
mulated with Wnt3a protein (50 ng/ml) for 3 hr.
n.
not contain S/T residues. Lysates from 20 ectoderm explants per group from
were precipitated with anti-flag beads at stage 13.
3 pg) were coinjected with Wnt8 DNA (100 pg) into the animal pole of four-cell
3 precipitation with anti-flag beads followed by detection with anti-TCF3-P4
were transfected with flagTCF3 constructs, 5 mg; mycHK2KD, 1 mg; mycHK2,
ier Inc.
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Figure 7. Wnt-Dependent TCF3 Phosphory-
lation Leads to the Dissociation of TCF3
from the Vent2 Promoter
(A) TCF3 P2/3/4 binds to the Vent2 promoter more
strongly than wild-type TCF3 (WT) (p < 0.05 for WT
and P2/3/4 with Vent2-2 primers). Four-cell
embryos were injected four times with 3 pg of
TCF3 RNA into the marginal zone and harvested
for crosslinking at stage 12.5. Vent2-2 primers
amplify the region of the Vent2 promoter that
contains the unique TCF-binding site; Vent2-1
primers span the region 3 kb downstream of
the transcription start site.
(B) HIPK2 inhibits the binding of TCF3 to the Vent2
and Siamois promoters (p < 0.05 for the compar-
ison of KD and DP in WT-injected group for
Vent2-2 and Siamois), but does not significantly
influence the binding of P2/4 and P2/3/4 proteins.
Four-cell embryos were injected animally with the
indicated RNAs: TCF3 constructs, 30 pg; HK2KD,
400 pg; HK2DP, 400 pg. ChIP analysis was carried
out with anti-flag antibodies at stage 12.
(C) Dissociated animal cap cells (DC, stage 10)
were treated with Wnt3a-containing or control
medium for 20 or 120 min. WE, whole embryos
at stage 11.5. p < 0.05 for Vent2-2 groups with
and without Wnt3a (120 min). ChIP was carried
out with anti-flag (A and B) and anti-TCF3 (C) anti-
bodies and anti-GST as a negative control (C).
Quantitative PCR was performed after ChIP.
Data are shown as means ± SD, with each group
containing triplicate samples.
(D) Model: Wnt8 stimulates HIPK2/b-catenin-
dependent phosphorylation of TCF3, leading to
its dissociation from the Vent2 promoter and
promoting ventroposterior development. TBS,
TCF3-binding site.
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TCF3 Is Regulated by Wnt-Dependent Phosphorylationthat, in Xenopus embryos, the association of b-catenin and TCF3
is necessary but not sufficient for Wnt-mediated TCF3 phos-
phorylation. In 293T cells, overexpressed b-catenin increased
the association of HIPK2 with wild-type TCF3, whereas b*
TCF3 did not associate with HIPK2 as strongly as the wild-type
TCF3 (Figure 6F). Notably, the phosphorylation of TCF3 was
elevated by b-catenin only in the presence of overexpressed
HIPK2, in agreement with the critical role of b-catenin for
HIPK2-mediated TCF3 phosphorylation (Figure 6F). Together,
our observations suggest that b-cateninmight function as a scaf-
fold for TCF3 phosphorylation by HIPK2, besides its commonly
accepted role as a transcriptional coactivator.
Wnt8 Stimulation and HIPK2-Mediated Phosphorylation
Reduce the Binding of TCF3 to the Vent2 Promoter
To assess the underlying mechanism that causes derepression
of the Vent2 gene by phosphorylating TCF3, we compared the
binding of the wild-type and the mutated TCF3 constructs to
the Vent2 promoter using chromatin immunoprecipitation anal-
ysis. Due to high endogenous Wnt8 activity in marginal zone
cells, we have been able to detect the phosphorylation shift of
exogenous wild-type TCF3, but not mutant P2/4 and P2/3/4
TCF3, at low doses (Figure 7A). Under these conditions, P2/3/4
bound to the Vent2 promoter more strongly compared to wild-
type TCF3 (Figure 7A), indicating that the phosphorylationDevelopmreduces the affinity of TCF3 for the promoter. HIPK2 decreased
the binding of wild-type TCF3 to Vent2 and Siamois promoters,
compared to HIPK2KD, but did not significantly influence
the binding of the P2/3/4 proteins (Figure 7B). Moreover, we
observed a decreased binding of endogenous TCF3 to the
Vent2 promoter in embryonic cells stimulated withWnt3a protein
(Figure 7C), further supporting the view that Wnt signals act to
relieve transcriptional repression mediated by TCF3 by dissoci-
ating it from the target promoter.
DISCUSSION
Our study identifies a specific Wnt8-dependent TCF3 phosphor-
ylation event causing transcriptional activation of genes, such
as Vent2 and Cdx4, that are required for ventroposterior devel-
opment in vivo. We propose that Wnt signaling leads to the
phosphorylation of TCF3 by HIPK2 at several sites at the
amino-terminal half of the protein. The phosphorylated TCF3
dissociates from target promoters, causing target gene dere-
pression and ventroposterior development (Figure 7D).
Although the role forWnt signaling in vertebrate axis specifica-
tion has been well established, and several dorsal Wnt target
genes, such as Siamois and Xnr3, have been characterized
(Harland and Gerhart, 1997), ventroposterior Wnt target genes
have remained largely unidentified. We demonstrate that theental Cell 19, 521–532, October 19, 2010 ª2010 Elsevier Inc. 527
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TCF3 Is Regulated by Wnt-Dependent Phosphorylationunique TCF-binding site in the Vent2 promoter is necessary for
both TCF3-mediated repression and transcriptional activation
in response to Wnt8 in vivo during anteroposterior development.
We also show that another ventroposterior gene, Cdx4, is
similarly regulated by the Wnt-HIPK2-TCF3 pathway. We
observed similar effects of HIPK2 overexpression on TCF3
occupancy of the Vent2 and Siamois promoters, consistent
with the reported repression of early dorsal target genes, such
as Siamois, Xnr3, and Xnr6 by TCF3 (Houston et al., 2002).
Nevertheless, activation of early dorsal Wnt/b-catenin targets
before midblastula transition (MBT) in the absence of visible
TCF3 phosphorylation suggests that they are not regulated by
HIPK2 or that TCF3 phosphorylation is efficiently reversed by
a maternal phosphatase.
CanonicalWnt/b-catenin signaling is known to have a dual role
in vertebrate body axis specification, first, during cleavage
stages and, subsequently, at gastrulation, after MBT (Christian
and Moon, 1993; Hamilton et al., 2001; Harland and Gerhart,
1997; Sokol et al., 1991). Nevertheless, it has been unclear
whether the same signaling mechanism is utilized for activating
Wnt target genes at these two different stages. Our study
demonstrates that Wnt8-dependent TCF3 phosphorylation is
controlled in a distinct spatial and temporal manner in Xenopus
embryos. This phosphorylation event is undetectable before
midblastula stages, even in Wnt8 RNA-injected embryos,
although axis-inducing properties of Wnt8 RNA and its effect
on b-catenin are clearly apparent (Figure S1A; data no shown).
We find that HIPK2 is expressed maternally (Figure S1C) and
can trigger TCF3 phosphorylation before MBT upon overexpres-
sion (data not shown). Thus, TCF3 phosphorylation depends on
some upstream regulators of HIPK2, which might be activated
with the onset of zygotic transcription. Further studies are
needed to identify these additional molecular players and
determine whether a Wnt ligand stimulates HIPK2 enzymatic
activity during vertebrate gastrulation.
Our experiments using b-cateninMOuncovered a requirement
of b-catenin for Wnt/HIPK2-dependent TCF3 phosphorylation
(Figure 6). TCF3 mutants for b-catenin binding are not signifi-
cantly phosphorylated in response to Wnt8. Moreover, overex-
pression of b-catenin does not lead to TCF3 phosphorylation,
but makes it more efficient when HIPK2 is present. The simplest
interpretation of these observations is that b-catenin serves as
a scaffold required for TCF3 phosphorylation by HIPK2, rather
than as a transcriptional coactivator. Alternatively, b-catenin
may decrease Groucho protein binding to TCF3 in the area
surrounding the P2/3/4 phosphorylation sites (Arce et al., 2009;
Daniels and Weis, 2005), thereby allowing HIPK2 to phosphory-
late TCF3.
The proposed signaling mechanism bears some similarity to
the Wnt pathway operating during endoderm development in
C. elegans. WRM-1 is one of the four functionally distinct b-cat-
enin paralogs in C. elegans (Mizumoto and Sawa, 2007; Phillips
and Kimble, 2009). WRM-1 associates with LIT-1, a homolog of
vertebrate Nemo-like kinase (NLK), and POP-1/TCF to activate
POP-1 phosphorylation and trigger POP-1 nuclear export that
is required to promote the endodermal fate (Lo et al., 2004;
Rocheleau et al., 1997, 1999). This negative regulation of
POP-1 by WRM-1 is similar to the role of b-catenin in Wnt/
HIPK2-dependent TCF3 phosphorylation. However, in contrast528 Developmental Cell 19, 521–532, October 19, 2010 ª2010 Elsevto the requirement of b-catenin-TCF3 binding for TCF3 phos-
phorylation in Xenopus, the b-catenin-binding domain of
POP-1 is dispensable for POP-1 regulation (Maduro et al.,
2002). Also, contrary to the negative role of TCF3 inWnt signaling
established in our experiments, POP-1 has been shown to acti-
vate endoderm genes in response to Wnt signals (Mizumoto and
Sawa, 2007; Phillips and Kimble, 2009; Shetty et al., 2005).
Further studies are needed to investigate why phosphorylated
TCF3 dissociates from target promoters and fully understand
themechanisms underlying TCF protein regulation in vertebrates
and C. elegans.
We identified several specific sites for Wnt-dependent TCF3
phosphorylation and raised a phosphopeptide antibody to one
of the sites (P4). Whereas the P2 and P4 sites have not been
previously detected, the P3 site corresponds to the sites in
LEF1 and TCF4 that are phosphorylated by mammalian NLK
in vitro (Ishitani et al., 1999, 2003; Kanei-Ishii et al., 2004; Smit
et al., 2004). At present, the biological role and the significance
of P3 phosphorylation forWnt signaling remain unclear. Because
HIPK2 directly phosphorylates the P4 site and is required for the
response to Wnt signaling in our experiments, we anticipate that
both protein kinases function cooperatively to regulate TCF3
during Wnt signaling in vivo.
This study demonstrates an important role for HIPK2 in ante-
roposterior axis specification in vertebrate embryos. Consistent
with this conclusion, mouse embryos lacking Hipk1 and Hipk2
genes develop exencephaly with anterior neural tissue over-
growth and die between E9.5 and E12.5 (Isono et al., 2006).
Although HIPK2 has been reported to inhibit Groucho repressive
activity (Choi et al., 2005), these observations do not explain the
context-dependent function of HIPK proteins in theWnt pathway
(Kanei-Ishii et al., 2004; Lee et al., 2009b; Louie et al., 2009;
Wei et al., 2007). Our proposed model may provide an explana-
tion for the context-dependent function of HIPK proteins in
Wnt signaling. HIPK2 might function as a positive or negative
regulator of Wnt signaling, depending on the functional proper-
ties of TCF proteins that are present in the embryonic tissue.
Specifically, HIPK2 would inhibit the pathway when an acti-
vator-type TCF, such as LEF1, is phosphorylated. A more
complex situation is also possible, in which the dissociation of
TCF3 from a promoter is followed by the binding of an activating
TCF. A good candidate for this switch is TCF1, which is essential
for ventral development (Liu et al., 2005) and does not have the
conserved HIPK2 phosphorylation sites of TCF3 (Figure 4A).
Whether this hypothesis is correct remains to be tested in future
studies.EXPERIMENTAL PROCEDURES
Embryo Microinjections, RT-PCR, and Luciferase Activity Assays
In vitro fertilization, embryo staging, and culture in 0.13 Marc’s modified
Ringer’s solution (MMR) were carried out as described (Nieuwkoop and Faber,
1967; Peng, 1991). For microinjections, embryos were transferred to 3% Ficoll
400 (Pharmacia) in 0.53MMRand injected at the four- to eight-cell stages with
10 nl of mRNA, DNA, or morpholino solution (Itoh et al., 2005). The dissociated
animal pole cells were treated with Wnt3a-conditioned medium or purified
Wnt3a protein (50 ng/ml; R&D Systems). Wnt3a-conditioned medium was
from L cells stably transfected with mouse Wnt3a (gift from R. Nusse).
Capped synthetic RNAs were generated by in vitro transcription using the
mMessage mMachine kit (Ambion) and the following linearized DNAier Inc.
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TCF3 Is Regulated by Wnt-Dependent Phosphorylationtemplates: pCS2-Wnt8, pCS2-dnWnt8 (Hoppler et al., 1996), pCS2-hDKK1
(Krupnik et al., 1999), pXT7-ECD8 (Itoh and Sokol, 1999), pCS2-flagb-cate-
ninS>A (Liu et al., 1999), pCS2-flagTCF3HA, and pCTX-mycHIPK2. DNA injec-
tions involved pCS2+, pCS2-Wnt8, pCS2-Wnt8myc (Hikasa et al., 2002),
pCS2-TCF3VP16 (Vonica et al., 2000), and Vent2-Luc (Candia et al., 1997).
b-catenin MO (Heasman et al., 2000) and Wnt8 MO (Hong et al., 2008) were
previously described. Other MOs had the following sequences: control MO,
50-AGAGACT
TGATACAGATTCGAGAAT-30; HIPK2MO, 50-AAATGAGAGGCCATACCGCAG
TCTG-30; and TCF3MO, 50-TGAGGCATGATGAGACTCCTCCGC-30.
Plasmid construction and primer sequences are described in Supplemental
Experimental Procedures.
For RT-PCR, total-embryo RNA was extracted from embryonic explants
injected with morpholinos or mRNA by the proteinase K-phenol method and
RT-PCR was carried out as described (Itoh and Sokol, 1997). cDNA was
made from DNase-treated RNA using the Superscript first-strand synthesis
system (Invitrogen). For luciferase activity assays, two-cell-stage embryos
were animally or marginally injected with 20–30 pg of reporter DNA together
with the indicated RNAs or MOs. Lysates of injected embryos were prepared
at stages 11–13 (seven embryos per sample) and luciferase activity was
measured as described (Hikasa and Sokol, 2004). Normalized graphs repre-
sent triplicate experiments and showmeans ± SD, with each group containing
quadruplicate samples.
Whole-Mount In Situ Hybridization
Whole-mount in situ hybridization was carried out according to Harland (1991)
with slight modifications as described previously (Harland, 1991; Hikasa and
Sokol, 2004). Digoxygenin-labeled antisense RNA probes were synthesized
from pSPORT6-HIPK2 (IMAGE clone: 6643438), pSPORT6-Xvent2 (IMAGE
clone: 6866107), pGEM3-XOtx2 (Pannese et al., 1995), pSPORT6-XMeis3
(IMAGE clone: 6864577) (Dibner et al., 2001), pBSSK-Xanf2 (Mathers et al.,
1995), pBSKS-Rx2a (Mathers et al., 1997), pGEM4-Krox20 (Bradley et al.,
1993), and pCS2+XHR1 (Shinga et al., 2001), using the DIG labeling mixture
(Roche). 5-bromo-4-chloro-3-indolyl phosphate (Sigma) and Nitro blue tetra-
zolium (Sigma) were used for chromogenic reactions.
Cell Culture, Transfection, and the STF Reporter Assay
HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium
(GIBCO) supplemented with 10% fetal bovine serum (Gemini-Bioscience)
and were transfected using linear polyethylenimine (MW 25,000; Poly-
sciences). Each well in 24-well plates received 0.02 mg of pTKRenilla-Luc
(Promega), 0.1 mg of SuperTOPFLASH (STF or STM) DNA (Veeman et al.,
2003), and indicated amounts of mouse TCF3 constructs (pCDNA-mTCF3,
pCDNA3-mTCFP2/3/4). Total DNA was adjusted to 0.72 mg by supplementing
pCDNA3 DNA. One day after transfection, cells were treated with Wnt3a-con-
taining medium for an additional 24 hr and harvested in 100 ml of lysis buffer
(Promega) for luciferase activity measurement. Results are presented as the
STF/STM ratio of firefly luciferase activity divided by Renilla luciferase activity,
which were determined using the Dual-Luciferase assay system (Promega)
and the Veritas microplate luminometer (Turner Biosystems). Normalized
graph in Figure 5C is representative of triplicate experiments as means ±
SD, with each group containing triplicate samples.
Immunoprecipitation, Kinase Assays, and Alkaline Phosphatase
Treatment
For immunoprecipitations, Xenopus embryos and HEK293T cells were lysed in
300–700ml of buffer containing 0.5–1%Triton X-100, 50mMTris-HCl (pH 7.5),
50–150 mM NaCl, 1 mM EDTA, 0.1 mM phenylmethylsulfonylfluoride, 10 mM
NaF, 1 mMNa3VO4. Supernatants were precleared by centrifugation and incu-
bated with anti-flag-agarose beads (Sigma) or primary antibody and protein
A-Sepharose at 4C overnight. The antibody-bound beads were washed three
times with lysis buffer and boiled in SDS-PAGE sample buffer for western anal-
ysis as described (Itoh et al., 2005). For alkaline phosphatase treatment, the
antibody-bound beads were incubated in NEB buffer 3 with 0.5 U/ml of calf
intestine phosphatase (New England Biolabs) for 40 min at room temperature.
Monoclonal 9E10, 12CA5, and M2 (Sigma) were used for detection of myc-,
HA-, and flag-tagged proteins, respectively. Other antibodies were for non-
phosphorylated b-catenin (ABC; Upstate Biotechnology), total b-cateninDevelopm(Sigma), p-Smad1 (Cell Signaling), a-tubulin (Sigma), and HIPK2 (C-15; Santa
Cruz Biotechnology). For preparation of phosphopeptide-specific antibodies
that are specific for the P4 site, rabbits were immunized with the carrier-
conjugated synthetic P4 peptide (PTHLS*PEID; S*, phosphorylated serine)
(BioEssences). Anti-TCF3P4 antibodies were affinity purified from immune
sera on immobilized antigen beads using standard techniques (Harlow and
Lane, 1988).
For immune complex kinase assays, TCF3 proteins were synthesized in vitro
with the TNT-coupled reticulocyte lysate system (Promega) from pCS2
+flagTCF3HA, pCS2+flagTCF3P4HA. TCF3 protein-containing lysates were
combined with the lysates of HEK293T cells transfected with pCTX-
mycHIPK2flag or pCTX-mycHIPK2KDflag and precipitated with anti-flag
agarose beads. Immunoprecipitated proteins were incubated with kinase
buffer (50 mM Tris-HCl [pH 7.5], 10 mM MgCl2, 1 mM DTT) with or without
100 mM ATP at 30C for 45 min. The products of the kinase reaction were
probed on western blots with anti-TCF3P4 antibody.
Chromatin Immunoprecipitation Assays
Chromatin immunoprecipitation (ChIP) was carried out with Xenopus embry-
onic tissues essentially as in Blythe et al. (2009). In brief, lysates of 30–50
injected embryos or explants were crosslinked with 1% formaldehyde for
30–60 min. The crosslinked samples were sonicated in RIPA buffer (50 mM
Tris-HCl [pH 7.8], 150 mM NaCl, 1 mM EDTA, 1% NP40, 0.25% sodium
deoxycholate, 0.1% SDS, 0.5 mM DTT) with a SONICS Vibra Cell sonicator.
M2-agarose beads (Sigma) and a-XTCF3 and protein A-Sepharose beads
were used to precipitate flag-TCF3HA and endogenous TCF3, respectively.
After washing, protein complexes were reverse crosslinked at 65C overnight
and treated with proteinase K. DNA fragments were purified with ChIP DNA
Clean & Concentrator (Zymo Research). For quantitative PCR, total PCR reac-
tionmix (20ml) preparedwith aQuantiTect SYBRGreen PCR kit (QIAGEN) was
analyzed with an ABI PRISM 7900HT system. Graphs shown in Figure 7 show
means ± SD that are representative of triplicate experiments. Statistical anal-
ysis was performed using two-tailed paired Student’s t test. The following
primers were utilized to detect Vent2 and Siamois genes: Vent2-1 forward
50-GTTACTCGTCTTTTAACCTG-30, reverse50-CCTATTCATTGTATAGCACT-30;
Vent2-2 forward 50-GGCAGACATGGTGGAGCCAG-30, reverse 50-GTATGCA
AATGCAGCCACTA-30; Siamois forward 50-GGGACTTTGAAGTCTTGCCA-30,
reverse 50-TCTGATGACACGTGTTTCCC-30. Vent2 primers were designed
based on the reported genomic sequence for the Xbr-1a/Xvent-2 gene
(GenBank accession number AF078162).
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